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ABSTRACT 

A reli»bl« d«$ign for high p«rforMince,   light weight tankage for 

cryoganic   liquid propaHants,   including  liquid hydrogan,   is a 

critical  raquiraMant in  futura spacecraft.    Accordingly,   a project 

was  initiated to develop titanium pressure vessel  fabrication and 

welding Methods.    Using Ti-6AI-4V and Ti-$AI-2.5Sn alloys and in- 

corporating three weld designs,  a total of eight  16-inch diameter 

pressure vessels were manufactured and burst tested at temperatures 

between ambient and -423fF (-253^0.     In addition,  three 30-inch 

cylinders of  sandwich construction  were fabricated and tasted 

under selected thermal  gradients.    The results showed that 

resistance or  fusion weldw4 Ti-6AI-4y tankage can be manufactured 

and used at temperatures between ambient temperature and  -320rF 

(-196^0).    Further work  is necessary to develop titanium tankage 

for   liquid hydrogen applications.    The compressive strengths of 

sandwich cylinders varied vary  little within the range of the 

thermal  gradients  investigated.     Information on the fabrication 

and testing methods as applied to titanium tankage is presented 

in this report.    The possible causes of premature failure at 

-423<V (-2530C) and the subject of   Htexture strengthen ingM are 

briefly di scussed. 

t 
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I.   INTRODULTIQN 

In the development of spacecraft, the demand for suitable eiqineering 

materials for cryogenic applications is becoming increasingly critical. 

In particular, tne use of propel lants such as liquid oxygn and II luid 

hydrogen poses a serious tankage material selection problem. For 

economic reasons, the tankage material must be formable and we I dab Ie 

by conventional manufacturing methods.  The tankage must possess a high 

strength-to-weight ratio and uphold its structural integrity under high 

stresses at near absolute zero temperatures.  In addition, the tankage 

material must be corrosion resistant and chemically compatible with the 

I iqui■' fuel. 

Of the commercially avai table metal I ic materials, the titanium a Iloys 

can best satisfy these requirements. Within this alloy system, the 

best candidate material is thy Ti-6AI-4V alloy.  Another alloy, 

Ti-5AI-2.5Sn, was considered to be the alternate material. Accordingly, 

a program was initiated to determine the performance of Ti-6AI-4V by 

manufacturing subsize pressure vessels and cylinders and subjecting them 

to structural test. Specifically, this program was designed to achieve 

the following objectives. 

A. Generate manufacturing and process data leading to fabrication of 

fulI scale tankage. 

B. Establish weld design and design allowables for each of the three 

weld designs (Figure I) on the basis of pressure vessel performance 

at cryogenic temperatures. 



I. INTRODUCTION  (Cont'd. ) 

C. Determine the possible us« of sandwich construction  for cryogenic 

tankage. 

D. Determine the effect of thermal  gradients on the buckling character- 

istics of sandwich cylinders. 

At the request of the AST Structures Branch,   this work was original ly 

conducted in conjunction with the proposal   input effort for the RIFT 

Program, Reference I. 

The material requirements for the fabrication of 30-inch diameter 

cylinders,   16-inch diameter pressure vessels,  and fixtures are specified 

in Douglas Drawing Nos.   IAOOOW,   IA0I246.  and  IA36574,  and are appended 

in Appendices I A,   IB and   IC,  respectively.     Information on the procure- 

ment source, material history, chemical compositions,  vendor certified 

mechanical properties,  and other pertinent materials data are given  in 

Appendix  ID. 

3. 

3.1     Pre««ure V—— I   Fehrigetirv. 

All  pressure vessels were fabricated in accordance with the design 

requirements specified in Douglas Drawing No.   IA0I246 and  IA36574.    The 

six Ti-6AI-4V test domes used in this study were available from a 

previous titanium dome-forming program.  Reference 2.    Two additional 

domes, made from annealed Ti-5AI-2.5Sn sheets,   were formed on the 

2 



3.       EBfiCEßißt (Cont'd.) 

Cincinnati  Hydroform Machine located at the Torranca Facility.     In prepara- 

tion for forming,   the dome blanks were circle-sheared and the edges de- 

burred by hand polishing.    A mild steel  back-up sheet,  0.125  inches thick, 

was circle-sheared and placed between the die cavity and the dome blank. 

This arrangement  increased the rigidity in the dome flange area and re- 

duced the buckling tendencies.    By a single draw operation,   the domes 

were successfully formed.    No stress relieving or interstage annealing was 

necessary.    Similarly,   the heavy domes,  Part No.   IAI246-5,  were fabricated 

from commercially pure titanium sheets,   0.150 inches thick.    The pressure 

vessel design called for a heavy dome on the opposite end of the test 

section so that fai lure from hydrostatic burst test would be confined 

to the proper  location. 

The cylinders were made from Ti-6AI-4V sheets,  0.050 inches thick,   by 

roll  forming.    Subsequently,  the  longitudinal  edges were trimmed to the 

desired diameter of   16 inches and joined by a fusion weld.    Because of 

the difference in wall  thickness between the heavy dome (0.150 in.) and 

the cylinder (0.050 in.),  a tapered transition ring was required.     This 

part was made,   following the same procedure for fabricating cylinders. 

Various fabricated components of the three pressure vessel designs are 

shown In Figures 2,   3,   and 4. 

To meet the stringent weld mismatch tolerance requirements,   each pressure 

vessel  component required sizing prior to assembly welding.    The mech- 

anical  sizer,  Figure 5,   was used to size the cylinders through applica- 

tion of external   force by a hydraulic press.     The hemispherical  domes 
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wf siz«d by • pn«imitic S\ZT,  Figur« 6. 

3.2 snuiÄina 

B«c«us« of th« high affinity of titaniua for gas«s at «lovated temper- 

•tur«s,  th« weld ton« «as shielded with • blanket of  inert gas.    The 

shielding equipment consisted of welding torch nozzle through which an 

inert gas was passed, a trailing shield, and a back-up bar which provided 

shielding for the beck side of the weld. 

3.3 TlSruiion Byft HiainOQt .BQ 

Test penels measuring 6 inches x  12 inches were prepared for welding by 

wire brushing the «sting edges with a stainless steel  brush.    The edges 

were then draw-filed and cleaned with acetone.    The Sciaky Automatic 

Arc Voltage Control Power Supply,  was used to accomplish the welding. 

The weld settings were evaluated by  inspecting for burn-through, 

porosity, penetration, and by tensile testing at cryogenic temper- 

atures and mate 11ographic exsminations.    The current and torch travel 

sp«*»d were adjusted to obtain satisfactory results.    The selected weld 

settings are shown in Table I and a photommcrograph of a typical  fusion 

butt weldment  is shown in Figure 7. 

3.4     TIC Fusion Butt  Meldino at   . I5Q Ge^ Sh-t 

The 0.150-inch fusion weld test panels were prepared in the same manner 

as the 0.050-inch panels.     The 0.150-inch  fusion butt joint consisted of 

a 60°  included angle with a   1/32-inch   land.    The configuration was  later 

modified to  include the "JM-grooveM as  illustrated in Figure 8.    Both 



3.   EBfiC£fil£L (Cont'd.) 

joints required a root pass and two filler passes.  No filler was used 

on the root pass.  A special trailing shield was constructed to provide 

inert gas protection during welding. Figure 9.     The inert gas, passed 

through the welding torch, was argon.  In two instances, as shown in 

Table I, the inert gas was a mixture of 75%  helium and 25%  argon.  The 

gas flow rate was increased until a desirable weld penetration was 

obtained. Argon was used in the back-up bar and trailing shield.  The 

selected weld settings are shown in Table I, 

3.5   Ftesistgnce Walding gf JM fiflya But 

The resistance lap weld test panels, measuring 7 inches x 12 inches, 

were cleaned by wire brushing and swabbing with a. one. The panels 

were then welded, using the 200-KVA Sciaky Oekatron Counter-Control 

Resistance Roll Seam Welder.  Meld settings, shielding, and cleaning 

methods "vere evaluated, based on the tensi le test criteria. The tensile 

coupon design is shown in Figure 10.  Based upon the minimum nugget dia- 

meter of 0.180-inches as specified in Drawing No. IAO 1246, the heat 

input was adjusted until the tensile test coupons demonstrated that the 

weld strength was equivalent or higher than the parent metal strength. 

The selected weld settings are shown in Table II, and typical macro- 

sections are shown in Figure II. 

Strap weld test panels, mtasuring 6 inches * 12 inches with 2-1/4-inch x 

12-inch strap, were evaluated in the same manner.  Selected weld para- 

meters for strap welds are shown in Table II, and a typical macro- 

section is shown in Figure 12. 



3.6 wtNiao Qt Prttayrt YMitli 

Wtlding of boss*s to the he«vy closure domes was accomplished in an argon 

purge chamber (Figure 13) using the Mnual TIG method. Commercially pure 

Ti-55A wire was used as a filler metal. 

The cleaning methods and weld settings used in welding the pressure 

vessels were identical to those used for preparing tensile test coupons. 

The circumferential fusion welds were mode in Fixture No. B6-583968-50I 

shown in Figure 14.  Shielding for the weld was provided by the trailing 

shield attached to the welding torch and a back-up bar. The shielding 

gas daw point was monitored on all fusion welds. Measurements were 

taken at the storage bottle, trailing shield and back-up bar. 

Resistance welding was accomplished using the 200-KVA Sciaky Resistance 

Welder. The weld sections were spot welded at 90° intervals before 

welding. The shielding method used in resistance welding is illustrated 

in Figure 15. 

The closure weld consisted o joining the tapered ring to the heavy dome. 

Snielding was accomplished with an envelope of a fiberglas and vinyl 

assembly which was taped inside the vessel. Figure 16. The taped edges 

ware located far enough from the weld Joint in order to avoid out-gassing. 

Two input and two output lines were connected to the envelope. Oew point 

checks were made at the exhaust lines unti I satisfactory purging was 

accomplished. Purging is considered satisfactory when dew point is 

*I000F. After the closure weld was completed, the envelope was removed 

from the cylinder through the bosses. 
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3.7     Inspflction 

The  fusion welds  were  inspected by radi©graphic and dye-penetrant methods. 

Scattered porosity was occasionally detected  in tha 0.050-Inch   longi- 

tudinal and 0.150-inch circumferential   fusion welds.     The major defect  in 

the circumferential   fusion  weld was at  the weld start point  where   lack of 

fusion was observed to extend  for about   1/4  inch along the root of  the 

weld.    A repair   technique was developed to cope with this problem. 

3.8 Repflir Tecrmique 

When   inspection  revealed defects such as   lack of   fusion,   tungsten   in- 

clusions,   or burn-through,   weld repairs were required.     The defect aroa 

was repaired by grinding with a pneumatic rotary  file,   cleaning with 

acetone,  and manually TIG welding,   using commarcially puro titanium wire 

as a  filler metal.     Both the face and the root of  the weld were carefully 

shielded.    The repaired areas were subsequently  inspected to   insure that 

the defects were removed.     Mo repair work was required on the closure 

weld. 

3.9 ffcgm TefflperflTure Burst Test 

The burst testing of the titanium pressure vessels was conducted at 

room temperature,   using Corvus Oil  as the pressurizing medlun.     Prior 

to testing,   thickness measurements were made over a 3-inch grid pattern 

on the cylinder  with a Mcdel   21  Vidigagc,   manufactured by Branson 

Instruments.     The  thickness values were within commercial  tolerance of 

± i0%.     The pressure vessels were  initially pressurized to 200 psig to 
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to check for oil leaks and instrument standardization. Upon standardi- 

zation, the pressure was reduced to zero, then increased at a uniform 

rate of 16 psig/sec until failure occurred. 

Two pressure vessels (Ti-I, Ti-2) were tested at room temperature. 

Reference 3. The design of these two pressure vessels was modified, 

as shown in Figure 17, to accommodate a plate which served as a bulkhead 

instead of a heavy dome. 

A rubber seal was initially used at the interface of the flange and the 

bulkhead on Pressure Vessel Ti-I; however, the rubber seal proved to be 

inadequate and fai led during the first test. Consequently, the rubber 

seal was replaced by an EC 1300 adhesive and a rubber-cork composition 

seal. The pressure vessel was then tested to destruction. 

In measuring the internal pressure, a visual pressure gage, Norden 

Keytey No. 868-3164, with a range of 0-3000 psig and an accuracy of 

±5%,   was read by several observers.  In addition, for graphic record- 

ing of internal pressure the Stratham pressure transducer, Model No. 

P-l0f-2»-350, with a range of 0-2000 psig and an accuracy of ±  If« was 

connncted to a Type S Musley X-Y recorder with an accuracy of ±0.2%. 

The circumferential deflection of the pressure vessel, as a function of 

internal pressure, was measured by a girth potentiometer and a deflec- 

tion transducer connected to the X-Y recorder. An illustration of the 

room temperature instrumentation and test setup is given in Figure IB. 

8 



PROCEDURE (Cont'd.) 

3.10 CrvQQe,.ic Burst Test 

The cryogenic temperature tests wore conducte-l at the Douglas, Santa 

Monica liquid hydrogen facility, Reference 4.  The temperature at which 

each pressure vessel was tested was controlled by the cryogenic liquid 

used for cool ing. 

The initial test plan was to burst test all or-^ssure vessels at liquid 

o 
hydrogen temperature.  Huwever, since the first tost (Ti-5) at -423 F 

(-253 C) resulted in an unexpectedly lov. burst stress lev«I, it was con- 

sidered advisable to determine the effect of other higher temperatures 

on the perforrnanco of Ti-6AI-4V pressure vessels. The initial objectives 

were altered to include tests at ambient, dry ice, and liquid nitrogen 

temperatures.  With the experimental setup used for dry ice temperature 

tost, it was extremely time-consuming to achieve temperatures below 

-ICO'V (-730C). Therefore, burst test was conducted when the test 

temperature reached -80oF (-6? C).  Temperature was measured by thermo- 

couples which were attached to the outside surface of pressure vessel. 

Although the test temperatures were varied, all test setups were identical. 

A schematic drawing of the cryogenic test setup is shown In Figure 19. 

Prior to installation in the cryostat, each pressure vessel was filled 

with small polyethylene pellets in order to reduce the internal volume. 

All pressure vessels were immersed in the cryogenic liquid for 30 minutes 

to insure temperature stabilization. During the 30 minute chill-down, an 

internal pressure of 100 psig was applied in order to maintain positive 

internal pressure. 
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Tho he I rum gas  u^d  for prossurizing was cooled to tast temperature by 

a network of coils submerged  in  the cryogenic   liquid.     Upon stabiliza- 

tion of  the test temperature,   the pressure was  increased unti I   fai lure 

occurred.     The  pressure was recorded by an electrical   transducer, 

manufactured by Statham,   with a range from 0-2000 psig and an accuracy 

of ± \%.     Tno Statham pressure  transducer  was connected to a L?eds and 

Northrup  strip chart  recorder.   Dual  Point M del  Speadomax,   Type G, 

Serial  Number 362-751503-3-2,   v%i th a range of 0 to  10 millivolts and 

an accuracy of A If.    A visual   pressura gage,  Heisse Mudel  No.  H-15432, 

with a range from 0-100,000 psig and an accuracy of ± l|,   was also  instru- 

mented for  pressure recording. 

Pressure Vessel  Ti-IA was   instrumented to record pressure versus time, 

and circumferential   deflection  versus time.    The deflection gage.  Model 

OOIAUS,   Serial  Number 033,   with  a range of 0-2  inches  and an accuracy 

of 1,0.001   inches was manufactured by Micro-Systems.     The pressure 

deflection  history for Ti-IA is  recorded  in Appendixes 2A,   2B,   20 and 

2D. 

3.11     Sandwich Cylmdar Fabrication and Testing 

An  investigation  was  conducted to determine the effect  of thermal   gradient 

on the buckling characteristics of sandwich cylinders.     Three cylinders 

30 inches   in diameter and 30 inches  in   length,   were constructed,   using 

the welding techniques described previously.    The  inner  face was 0.050- 

inch Ti-6Al-4V sheet and the outer face,   .020 fiberg las   laminete.    The 

core was a  honeycomb resin  phenolic  (HRP),   1/4-inch thick,   3/16-inch 

10 
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cell   diameter,   with a density of 4   Ib/cu ft.    Two  layers of   181   fiber- 

glas cloth wwe added to the outside of the core.    The cylinders were 

prepared  in the following manner: 

A. .050 Ti-6Ai-4V sheet was used to  fabricate the cylinders according 

to Drawing  No.   IA00089-503.      (Appendix   IA). 

B. The titanium cylinders  were cleaned by vapor-honing. 

C. The outside surface of   the titan»um cylinders    was   orimed with 

MT-424B primer  by brushing on a coat approximately  0.003  inches 

thick.     The primed skins were air  dried at  78°^  (25.60C) for 30 

minutes after curtig at   I500F  (65.60C)  for  one hour. 

0.     The HRP core was cut as  specified   in Drawing No.   IA00089 and 

0corra?ed according to MIL-T-7003. 

j 
E. HT-4'",4 adhesive,   with   shrar  strength of   17   lb/ft   ,   was applied on 

one surface of the cleaned core,   and the core was   laid on the out- 

side  (priiMtf) surface  of  the  titanium cylinder. 

F. The assembly was  vacuum«t/aqoed arid cured  in  an oven at 330 F  (I660C) 

and undor  26-inches of   Hg ror one hour,   and cooled to room temper- 

ature before the vacuum wai rsleased. 

G. Type  181  fiberglas cloth was  wrapped around the cylinder and  tne 

assembly >vas again  vacuum-ttagged and oven cured at  330 F (I660C) 

for one  hour  under  28   inches  of  mercury.     Then cooled to room temper' 

ature before the  vacuum was released. 

Ii 
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H.    Th« top and bottom of  th« cylinder walls war« fi Had to a depth of 

1-1/2 inchas with Lafkowald  109 and curad at   l50oF (65.60C) for 

ona hour. 

I. A Ti-6AI-4V doubl er was than laid up along the top and bottom inner 

pariphory of the cylinder. Lefkoweld 109 adhesive was used between 

the doubters and the outer face. 

J.    The top and bottom edges of  the cylinder were then milled parallel 

to each other. 

The effect on the cylinder compression properties of three different 

thermal  gradients was  investigated.    The maximum thermal  gradient was 

achieved by fi 11ing the cylinders with   11quid nitrogen  and heating the 

outside surface with heat   lamps.     The temperature of  the outside surface 

was measured by thermocouples,  and the t uperature of  the inside »as 

determined by the  liquid nitrogen used for cooling.    Hydraulic jacks 

were  used to apply the compressive  load to the cylinders,  Figure ?0. 

4. RESULTS 

The weld settings used for   fabricating pressure vessels are given   in 

Tablos   I  .»d II.     Listed in Table  III are tne weld tensile strengths at 

-4230F   (-2530C) of the resistance welded Ti-6AI-4V  panels as affected 

by chemical   and mechanical  cleaning and  inert gas  shielding. 

Tables   IV,   V.  & VI  give the  uniaxial  tensile test results for each of the 

three joint configurations,   excluding the 0.150 fusion butt joint,   at 

12 
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voriuus tost temperatures.  The resistance welded coupois testeo at -3/0oF 

(-196^0 or above always fai led in the parent metal.  However, at -423°^ 

(-2b50C),   failure was often in the weld or heat-affected zone.  If the 

failure was in the parent metal, the strength values were lower than the 

known parent metal strength of 260 KSI.  It was suggested that soaking 

time was the cause of this low strength.  (The soaking time is the time a 

test specimen is held in the test environment before load application). 

In order to determine the effect of soaking time on th« strength of 

Ti-bAI-4V, fusion welded tensile coupons, wh"ich were readily available, 

were tested at -4230F (-253 C), for times between 5 to 30 minutes.  As the 

data show in Table VI I, a soaking time of 5  minutes developed the expected 

strength level. 

A summary of the burst tests on the titanium pressure vessels is in 

Tables VIII and IX and a series of illustrations, including the photographs 

of ell eight burst tested pressure vessels, are presented in Figures 21-34. 

The titanium sandwich compression test results with thermal gradient data 

are summarized in Table X.  Figure 35 shows a typical 30-inch diameter 

cylinder which was compression tested at room temperature. 

5. DISCUSSION 

5.1    A comprehensive discussion on the  formability of Ti-6AI-4V sheet as 

applied to hydroforming   16-inch diameter hemispheres  is  given   in 

Reference 2.     Whereas Ti-6AI-4V requires two  drawing operations with   sn 

13 
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interstag« annealing at 1300 F (704 C), Tj-5AI-2.5Sn is capable of being 

deep drawn to hemispheres in a single draw. The only difficulty associat- 

ed with a single draw operation is in the separation of forming dome from 

the backup material. Since a high pressure is required to separate the 

mating parts, adequate precautions must be taken. Light tapping or 

lubrication of the interface facilitates the separation. 

No difficulty was encountered in cylinder forming and sizing. A 

dimensional control of ^ 0.005-inches in the dome or the cylinder 

diameter can be maintained with the sizing equipment available at 

Douglas. 

5.2 Effect of Cleaning Method on  the Resistance told Strength at -4230F 

As the data in Table Ml indicate, superior and more consistent weld 

strengths were developed by shielding, regardless of the cleaning method 

used. Of the shielded and welded test specimens, there was no significant 

difference between pickling and wire brushing with respect to weld 

strength at -4230F (-2530C). Because of simplicity wire brushing was 

selected as a method of cleaning parts to be we'ded. 

3.3 W«id Strength of Ti-6AI-4V Sheet at Temperatures Batwaen Ambiant and 

At temperatures between room temperature and -320^ (-I96C,C), a joint 

efficiency of lOOf was developed by all three Joint designs. This is 

evident from the fact that all welded coupons failed in the parent metal 

at strength levels comparable to known material strengths at correspond- 
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ing temperatures (References 5 and 6). 

5.4  Weld Strength of Ti-6AI-4V Sheet at -4230F (-2530C) 

As can be seen from the data in Tables IV, V, and VI, the weld strengths 

were lower than the expected level of 260 KSI at -4230F (-2530C). 

Subsequently, an experiment was conducted to determine the effect of 

soaking time. The results presented in Table VII  show that a soaking 

time of 5 minutes was adequate. The only plausibie explanation for the 

low strength values reported for certain specimens is that the specimens 

were not soaked for at least 5 minutes at -423 F (-2530C).  Therefore, 

the tensile test data for this temperature are inconsistent and 

unreliable. 

5.5   Eiciacaoflci ai TL-6A1-4Y-Preasure Vessels nt TmnfrQturea BüMMD 
Am&ient and 555 (-l?60CI 

The Derformance of Ti-6AI-4V pressure vessels at room temperature was 

exceptionally good. A hoop stress of 195 KSI was developed which rep- 

resents I33f of the tensile strength.  The hoop to tensi le stress ratio of 

133/f, Table IX, is significantly higher than the theoretical ratio of 1151. 

This is probably a result of the texture hardening phenomenon. As the 

photograph in Figure 22 shews, considerable deformation had occurred. 

At -80oF (-620C), the burst strength was 208 KSI which represents at 

least 1251 of the tensile strength of Ti-6AI-4V sheet (Table IX). 

At -320^ (-I960C) Pressure Vessel Ti-IA failed at a hoop stress of 252 

KSI.  Visual examination of this pressure vessel. Figure 26, after the 

15 
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test revealed that an undersize resistance weld nugget resulted from a 

resistance weld being superimposed directly upon a   longitudinal   fusion 

weld.     This condition decreased the electrical  resistance of the welding 

system and resulted  in an abnormally small  nugget  size,  Figure 27. 

As can be seen  in Figure 28,   the premature failure of Pressure Vessel 

Ti-IA at  -320oF  (-I960C)  is reflected in the stress-strain curve,   which 

shows that the failure occurred at a plastic strain of approximately 

0.\%.     For Ti-IA the ratio of  hoop stress to uniaxial   tensile strength 

is   Il8f  (Table  IX),   which  is  somewhat higher than  the theoretical  value 

of   M5|.      In comparison,  Pressure Vessel  Ti-2A.  Figure 29,   which was 

also tested at -320oF (-I960C).   developed a hoop stress of 281  KSI and a 

hoop-to-tensi le stress ratio of   I32f.    The data suffice to demonstrate 

that (I) Pressure Vessel Ti-IA failed prematurely  in  spite of  its high 

hoop-to-tensile strength ratio,   (2) the high ratio  is attributed to 

texture hardening and (3) texture hardening was operative even at a  low 

plastic  hoop strain of   less than 0.2%. 

Figure 28 also shows the effect of temperature on the shape of  hoop 

stress-strain curve.    A typical   modulus  in uniaxial   tension at room 

temperature  is   16.5 X   1(7 psi,   indicated by a dotted   line.     In a 2:1 

stress  field,   the elastic moduli   are 23 x   I06 psi  and 30 x  I06 psi  at 

room temperature and  -320 F  (-I960C),   respectively. 

5.6   Pirforman« af Ti-&M-4Y Prissure Yisscla at -42^ t-2530Cl 

Pressure Vessels Ti-4 and Ti-5,   which were tested at  -4230F (-2530C),   did 

16 



5.       Q12£L£5i£M (Cont'd.) 

not develop the expected burst strength.   Table VIII.     In Pressure Vessel 

Ti-4,   the origin of   failure appeared to be at  the weld start-stop  point. 

At this site (indicated  by an arrow in Figure 32),   an overlap of 3/4 

inches  in the circumferential  resistance weld was  found.   Figure 33. 

Visual  examination of  Pressure Vessel  Ti-b  revealed no  indications  as to 

the origin and cause of   premature failure. 

A photoelastic analysis  was made to determine  if  the boss area  in  the 

heavy dome were responsible for the   low burst  strength.    However,   the 

results showed that the magnitude of  stresses  due to design discontinuities 

was     relatively   low and   insignificant.  Reference 7. 

In an attempt to redistribute the inherent residual  stresses in the 

pressure vessel,   Ti-6 was   instrumented and proof  stressed at room temper- 

ature to 0.051 circumferentfal  deformation wh«n  failure occurred.   Figure 

34.    Had the proof test been successful,  this pressure vessel  would have 

been burst tested at -4230F (-2530C) as a duplicate of Ti-5.    The un- 

expected failure of Ti-6 was caused by a  local   thin section (0.041   inches) 

in  the cylinder wall  of  0.047  inches  in nominal   thickness.    Apparently 

this spot escaped detection by a 3-inch grid systam over which Vidigo^e 

thickness measurements were made before proof  testing.    Because of  this 

incident,  the subsequent  pressure vessels scheduled for test were 

remeasured over a  I-I/2-inch grid system scribmö on the cylinder. 

17 



5.      OlSClttSIQN (Cont'd.) 

5.7   PrMftrrtti Pritntation 

In ord«r to detormin« th« degre« of pr»f»rr«d orientation  in the material 

used,   samples from Pressure Vessel Ti-2,  after burst testing,  were sub- 

«itted to TMCA (Titanium Metals Corporation of America),  Reference 8. 

Using the direction of the weld as reference,   (0001) pole figures were 

determined for the base metal  and the weld.    For the base metal,  the data 

showed that the basal  plane (0001) rotated approximately 28-30 degrees out 

of  the plane of  the sheet.     It is of  interest to note that  in the weldment, 

the (0001) plane  lay in the plane of the sheet.     In the heat-affected zone 

the texture became mixed,   i.e.,  a mixed pattern of parent metal and weld 

textures was shown. 

5.8    Texture Strengthening 

The R value for Ti-2 was calculated by Titanium Metals Corporation of 

America (Reference 8), and was found to be approximately 1.5.    The R 

value  is the ratio of width strain to thickness strain,  and  is a measure 

of the thinning resistance of  sheet metal.    Even   if the tensile yield 

stress of a material   is  low,   the thinning resistance can develop a high 

yield strength under biaxial  tension stresses.     If a sheet is to yield 

under balanced biaxial tension stress,   it must do so by thinning.    The 

marked strengthening in the through-thickness direction under these con- 

ditions  is termed "texture hardening".    After Titanium Metal Corporation 

of America had calculated the R value of Ti-2,  they independently conduct- 

ed an evaluation of texture hardening (Reference 9).    As a result,  the 

average value of R for Ti-6AI-4V «as determined to be 0.63.     In 



5.       DISCUSSION  (Cont'd. ) 

Reference 9,   the pole  f i qures for th« Ti-6AI-4V alloy were determined  from 

three different heats.     In each case,   the basal  poles were split   into two 

orientations which were rotated approximet«Iy 30 degrees  from the normal  to 

the sheer plane.    The texture of  the thre« K«ats was similar to that of 

Pressure Vessel  Ti-2,   but their respective R  values measured were consider- 

ably different;   therefore,   it appears that  the R ratio  is not correlated 

to the preferred orientation  in 6A-4\/ titanium sheet. 

3.9    Sandwich Cvlinders 

Some exploratory work  was done to determine  the effect of  thermal   gradients 

on  the buckling characteristics of  sandwich cylinders. Reference   10.     It 

may be seen   in Table X     and Figure 35 that  the  thermal gradients  had no 

signifir.^nt effect on  the ultimate  load  intensities of the sandwich 

cyI Inders. 

b.       CONCLUSIONS 

1. Ti-bAI-ÄV and Ti-5AI-2.5Sn alloys are formable at room temperature  in 

the mi I I-annealed condition.     Deep drawing of  the Ti-5AI-2.5Sn  domes 

may be accomplished  by hydroforming  in one stag« and no  interstage 

annealing cycle  is requ.ivd. 

2. Sizing  is readily accomplished.     The circumference may be  increased as 

much as  0.010  inch/inch during the sizing operation. 

3. The Ti-6AI-4V and Ti-i)Al-2.5Sn  alloys are  weldablf? and require no post 

weld  thermal   treatment.    Close tolerances must be maintained on  mating 

I ' 



6. CONCLUSIONS  (Cont'd.) 

components  for a satisfactory weld. 

4. A weld efficiency of   \00% can be developed  in a resistance or TIG 

fusion welded Ti-6AI-4V sheet material   at cryogenic temperatures down 

to -320oF (-I960C). 

5. At cryogenic temperatures down to -320oF (-l9b0C)/ Ti-6AI-4V pressure 

vessels developed a hoop stress level of 1251 to \55% of the uniaxial 

tensile strength. This high percentage is attributed to the benefits 

derived  from texture hardening. 

6. At  -423°^ (-2530C) premature failure occurred in  the pressure  vessels 

prior to any plastic deformation.    Uniaxial  tensile results,   at the 

same temperature,   on the resistance-welded coupons also exhibited 

atypical   low values.    The exact mechanisms or metallurgical  changes 

responsible for this behavior are not  fully understood. 

7. The compressive or buckling strength of  the sandwich cylinders was 

not affected by the thermal  gradients  investigated. 
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Mtf   I 

FUSION WELD SETTINGS FOR   16" OlA 
TITANIUM PRESSLFE  VESSELS 

FUSION - BLHT 

TYPE   I 

{.150 150^ f. 15 (150 

FUSION  - BOTT.   60° V-GWOOVE        FUSION  - BUTT J-GROOVE 

TYPE  2A TYPE  2B 

JOINT EXAMPLE IPM TORCH TRAIL BACK-UP FILLER 
TYPE WELD 

(1) 
AMPS VOLTS .ORCH 

TRAVEL 
CFH CFH CFH MIRE 

SPEED 
- 

-: 126 8.5 14 35A 35A 5A 
-3 to 9 97 7.7 21 40A I2QA 4QA 

1 -41   to  -49 97 7.5 21 40A 200A I60A 
-49  to   -45 110 7.5 21 40A 200A I60A 
-47  to  -49 65 8.5 10 40A 60A I60A 30  IPM 

425  to  -5 1.   170 9.0 9.0 100 H,A I60A ib(* 
2A -9 to  -425 2. no 8.0 7.5 40A I60A I60A 60  IPM 

3.  no 8.0 7.5 4nA I6QA I60A 60  IR^ 

-425   to   -9 1.   120 9.0 7.25 40 H.A I20A I6GA 
2C 2.   110 8.0 7.5 4^ I20A I60A 60  IPM 

3.   110 8.0 7.5 4iJÄ •I20A I6QA 60  IPM 

A    >    Argon  Gas;     Dow Point=  -100 F or Bettor  ♦ 
H,   A  =  75f Helium,   251 Argon;    Dew Point«  -l00oF or  Better* 

(I)     S*>*? Appendix   ID  for  dfftai led  description 

•  -   l00oF  --73.3ÜC 
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TABLE   II 

RESISTANCE HELD SETTINGS FOR  16" DIA. 
TITANIUM PRESSURE VESSELS 

I 
I 

T 1 
RgsiSTAMCg - LAP RESISTAra - Btfn STRAP 

Heat Setting 
M«ld FW Shift % 
M«ld V«rni«r I 
Top Pr«s. Gauge 
Back Pres. Gauge 
Constant Pressure 
Heat (Cycles) 
Weld  Interval   (Impulses) 
Coo I(Cycles) 
Saueeze (Cycles) 
Forge Initiation 
Hold Cycles 
Distance Between Arms 
At Welding Position (In.) 
Throat Depth (In.) 
Or i ve 
Forge (Cycles) Seam Weld 
Motor Speed R.P.M. 
Inches/Min. 
Motor Run Time (Cycles) 
Spots Per Inch 
I Overlap 
Electrode Alloy  (Top) 
Dia.   of EIectrode(Top),(Bottom) 
Radius of Electrode (Top) 
Electrode Alloy  (Bottom) 
Radius of Electrode (Bottom) 
Thickness of  Wheels 
Phase Operation 
Argon  Shielding  (CFH) 

26 30 
20 20 
6.0 8.0 
2.500 2,500 
1.000 1.000 
Yas Yes 
6 6 
2 2 
.5 .5 
30 30 
Boginning of Weld Beginning of Weld 
30 30 

3 3/4 3 3/4 
51 51 
Intermi ttent Intermittent 
50 50 
54 54 
3 1/2 3 1/2 
22 22 
7 8 
50* sojr 
M3 M3 
I3M, 9 l^" I3H( 9 1/4" 
12 12 
M3 M3 
6M 6" 
3/4" 3/4" 
3C 30 
12 12 
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TABLE   III 

ROLL  SEAM RESISTANCE  WELD  STRENGTH OF   .050 GAGE  Ti-6AI-4V  SHEET AT 
-4230F     (-?530r) 

WFLH DESIGN CLEANING ^€THCOS 

Lap 

Lap 

Butt-Strap 

Butt-Strap 

Lap 

Lap 

Butt-Strap 

Butt Strap 

Wi re Brush,   Shielded 

WELD STRENGTH  (PSD* 

Wire Brusn,   No Shielding 

Wire Lruzh,   No Shjpldino 

Wire Brush,   Shielded 

Pickled,   Shielded 

Pickled,   No Shielding 

Pickled,   Shielded 

Pickled,   No Shielding 

204, 100 
199,800 
201.400 
200,800 
192,800 

198,400 
191,900 
167,000 

197,800 
220,500 
234,700 
185,300 
194,700 

233,800 
24 1,700 
226,500 

192,500 
203, 100 

189, 100 
189, 100 

225,100 
243, 500 
243,300 
238,500 
244,500 

258,000 
236, 100 
226,800 

♦ Tested  in the transverse direction with respect to weld direction, 

All  specimens  failed adjacent to the weld nugget. 
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TABLE   IV 

FUSION BUTMCLD STRENGTH OF  .050 GAGE Ti-6AI-4V SHEET AT 
CRYOGENIC TEMPERATURES 

(NO FILLER) 

TEST TEMPERATURE NELD STRENGTH 
(PSD« 

FAILURE LOCATION« 

R.T. 147.900 PM 
151.100 PM 
150.400 PM 
145.400 PM 
145,600 PM 

147.700 (Averaflfi) 
-100^  (-73.30C) 165,300 PM 

168.200 PM 
168,200 PM 
164.300 PM 
167.700 PM 
166.700 (Avara^) 

-320oF (-I960C) 214,200 PM 
214.700 PM 
192.200 PM 
212,600 PM 
iiajn PM 

209,200 (Average) 

-AZS^  (-2530C) 249.000 PM/HA2 
247,900 PM 
223,100 PM/HAZ 
248,500 PM 
248,900 PM 
242,200 PM 
251.900 PM/HAZ 
254.900 PM/HAZ 
253,200 PM 
243,800 PM 
251.600 PM 
238,100 PM/HAZ 
236,360 PM/HAZ 
a?. 360 PM/HAZ 
244,800 (Average) 

• Tested in the transverse direction with respect to weld direction 
•• PM « Parent Metal,   HAZ - Heat Affected Zone 
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TABLE    V 

ROLL-SEAM RESISTANCE LAP-WELD STRENGTH OF   .050 GAGE Ti-6AI-4V SHEET 
AT CRYOGENIC TEMPERATURES 

TEST TEMPERATURE WELD STRENGTH FAILURE LOCATION«* 
(PSI) ♦ 

R.T. 146,800 
148,000 

147,400 (Average) 

-100^ (-73.30C) 167,700 PM 
165,400 PM 

166,600 (Average) 

-320oF (-I960C) 214,300 
212,200 

213,200 (Average ] 

-4230F (-2530C) 206.800 
198,000 
209,900 PM 
211,100 PM 
228,600 PM, Weld 
225,200 PM, Weld 

213,300 (Average) 

♦ Tested  in the transverse direction with respect to weld 
direction. 

•• PM =  Poront MeraI 
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TABLE    VI 

ROLL-SCAM RESISTANCE BUTT-STRAP WELD STREMOTM  .050 GAGE Ti-6AI-4V 
SHEET AT CRYOGENIC TEMPERATURES 

TEST TEMPERATURE 
WELD STRENGTH 

(PSD* FAILURE LOCATION 

R.T. 

-100^  (-TS.S^) 

-320oF  (-I960C) 

-4230F (-2530F) 

144,800 
144,200 
140,100 
144.400 

l43,400(Average) 

166.400 
160.700 
158,900 
I6f»,500 
164,300 

l631500(Averaro) — 

214,500 
213,200 

213. 800( Average) 

233,800 
241.700 
226,500 

234,400 (Aver age) 

PM«H» 
PM 
PM 

m 

HAZ 
HAZ 
HAZ 

# Tostad in th« transverse direct I on with respoct to v.eld direction 

•■ Parent Metal 

Heat Affected Zone 
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TABLE  VII 

UN I AX I AL TEST RESULTS ÖM-4V TITANIUM ALLOY 

(FILLER-FUSION)» 

TEST 
TEMPERATURE 

FA I Ll*E 
STRESS(PS I)♦♦ 

FAILURE«»* 
LOCATION 

SOAK 
TIME 

-423^  (-2530C) 269,705 
261.620 
263.400 
262. 160 

PM 
PM 
PM 
PM/HAZ 

262.800   (AVERAGE) 

30 Min. 
5 Min. 

10 Min. 
10 Min. 

* TIG weld using comnercially pure  fi Iler 
•• Tested  in  the transverse direction with 

respect to weld direction 
PM = Perent Mete! 

HAZ ■ Heat Affected Zone 

wire 
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TABLE IX 

RATIO OF HOOP STRESS TO UNIAXIAL TENSILE STRESS 

UNIAXIAL 
TENSILE HOOP TO 

STRESS HOOP STRESS TENSILE   STRESS 
TEST VESSEL (KSI > AT  FAILURE RATIO, 

EMPERATIFE NO. HW (KSI) % 

D0F  (2I0C) Ti-I 147 195 133 
D0F  (2I0C) Ti-2 147 195 133 
30F  (2I0C) Ti-6 147 198 135 
X)0F   (-620C) Ti-3 166 208 125 
0OF(-l96oC) TI-IA 213 252 118 
(Pf(-\960C) Ti-2A 213 281 132 
30F(-2530C) Ti-4 263 136 51.6 
30F(-2530C) Ti-5 263 221 84.0 

TABLE   X 

TITANIUM SANDWICH CYLirOERS 
THERMAL      GRADIENT ArO COMPRESS IVE LOAD 

CYLINDER 
NO. 

TEMPFRATIRF   IF) 
COMPRESSIVE 

ULTIMATE 
LOAD (LB) 

ULTII^TE LOAD 
INTENSITY 

INSIDE OJTSIOE (LB/IN.) 

1 
2 
3 

70(2lOC) 
-320(-l96oC) 
-320(-l96oC) 

70(2loC) 
70(2loC) 
250(l2loC) 

256,000 
221.250 
270,000 

2720 
2350 
2860 



FIGIFE   ' 

TYPICAL TEST SECTIONS 
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MECHANICAL SIZER FOR CYLINDERS 



FlflJRt L 

MECHANICAL SIZER FOR DOMES (SM 358726) 
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FlGtUf   17 

WOT0MÄ0ROQRAPH OF RESISTANCE STRAP WELD 

Ma9-   ,ÜX Kroll's Etch 

(M   14449) 

Not«:    Thl» VIM corrwpondt to Section B-6 of Figure   II. 
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ELECTRODE WHEELS 

ARGON 
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COPPER 
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ARGON SHIELDING FOR RESISTANCE WELDS 
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FIGURE   16 

CUTAWAY VIEW OF A TITANIUM CYLINDER 
(SHOWING ARRANGEMENT AND LOCATION OF SHIELDING 

ENVELOPE USED FOR CLOSURE IKELD) 

PERMACEL TAPE ARGON EXHAUST 
H ARGON PURGE LINE 
Q| >-VIN>l VNE /f 
NC    'DPM7?5i \V // 

(LASS — 
FABRIC<DP¥78?8 

SHIELDING- 
ENVELOPE 

VINYL 

CYLINDER — 

GLASS 
FABRIC 

ADHESIVE 
SIDE OF 
PERMACEL 
TAPE 

SKIRT- 
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FIGURE   17 

TITANIUM TANK FOR AMBIENT TEMPERATURE 

DETAIL PER DWG 1A36574 (APPENDIX   IC; 

0S0 INCHES 

DETAIL PER 
DWG 1A01?46 

(Appendix   IB) 
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FIGURE 18 

AMBIENT TEMPERATURE TEST SETUP 

PRESSURE 
INLET PRESSURE 

TRANSDUCER 

DEFLECTION 
TRANSDUCER 

PRESSURE 
VESSEL 



FIGURE    !• 

TYPICAL CRYOGENIC TEST SETUP 

LEVEL 
SENSOR 

>»   ■ _< 

PRESSURE 
TRANSDUCER 

3= 
[ 

Kxi 

\ 
\ 

n 

/ 

n 

/ 

'■     HELIUM GAS 

REMOVABLE COVER 

COILS FOR 
COOLING 
HELIUM GAS 

INSULATED 
CRYOSTAT 

PRESSURE 
VESSEL 

2~ FILL LINE 

LN2OR LH; 

NOTE Fur burst test at -80 F (-b29C)t   the outside of pressure 
vessel was packed with dry ice. No liquid-dry ice mixture 
was used. 
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COMRESSION TEST SETUP FOR 30-INCH CYLIJCCR  (SM 354175) 



Fiara il 

PRESSURE VESSEL Tl-I (OR Ti-2) BEFORE BURST TEST 

51 



mm 22 

PRESSURE VESSEL Ti -2 AFTER OURST TEST AT ROOM TEMPERATURF 
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♦ 

PRESSTE VESSEL Ti-3 (c    Ti-4) BEFORE BURST TEST 
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najg 27 

UNDERSIZE NUGGET  IN PRESSURE VESSEL Ti-IA WHICH FAILED PREMATURELY AT 

-320OF (-196° C) 

Mag.   2X (M  16867) 
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PUBPAMO «Vi. 

CMICKBO •¥._ 

OATI«  

rmMi  

DOUGLAS AIRCRAFT COMPANY, INC. 

 DIVISION       „OOIL, 

.RIPOMT MO:. 

HOOP STRESS-STRAIN CURVES FOR Ti-I AND Ti-IA 

300 

250 

200 

150 

i 
&» 100 

50 

Ti-IA 

-320oF 

E Biaxial ■ 30x l0 PS' 

Ti-I 

Rjom Twiperaturo 

- E Biaxial • 23 x 10° psl 

E Uniaxi.l- ,6-5 x ,0 P»' 

10 15 2C 

HOOP STRAIN, .001 IN/IN 
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FlflURE II 

PHOTOGRAPH OF THE PROBABLE ORIGIN OF FAILURE  (IM)ICATEO BY AN ARROW). 
NOTE THE OVERLAP OF START-STOP POINT. 

Mag 2-1/2 X 
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SAFDWICH CYLIH)6R AFTER COMPRESSION TEST AT ROOM TEMPERATURE 
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APFEJCIX 2A 

DEFLECTION GAUGE CALIBRATION DATA 

POINT 
NO 

•ACTUAL 
DEFLECTION 

INCHES 

••RECORDER 
DEFLECTION 

INCHES 

1 0 0 

? 160 99 

3 360 ??1 

4 554 3 39 

5 ;34 4 59 

6 898 567 

; 730 I.M 
8 538 3 39 

9 35? 127 

10 165 109 

11 0 0? 

1? 0 0 

13 IB; 113 

14 379 2?8 

15 558 3 3? 

16 756 4 58 

17 906 5 58 

THESE MEASUREMENTS «ERE MADE AT THE GAUGE 
USING A DIAL INDICATOR «ITH 001 INCH INCREMENTS 

THESE MEASUREMENTS WERE MADE WITH AN L&N 
STRIP CHART RECORDER S N B6? 75150-3? 
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GAUGE DEFLECTION - INCHES 
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TANK STRAIN    INCHFS 
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APPENDIX 20 

TANK PRESSIFE htC DtFLECTION DATA AT VARIOUS BURST TEST POIMTS (ELAPSED 
TIME) FOR PRESSURE VESSEL TI-IA - TESTED AT -320oF (-I960C) 

ELAPSED 
U |NK Ptftfl LRC TANK OtFL FCTION TIME.SFC.»» 

TEST TRACE CORRECTED TRACE TANK 
POINT DEFLECTION PRESS PRESS. DEFLECTION STRAIN 
NO. INCHES PSIG PSIG INCHES IN/IN 

1 1.63 345 350 .37 .060 31.0 
2 2.19 464 469 .57 .092 38.3 
3 2.51 531 536 .73 .118 43.1 
4 2.78 386 593 .84 .135 47.9 
5 3.11 656 668 .96 .155 55.1 
6 3.41 722 732 1.08 .174 62.3 
7 3.67 777 787 i.ie .190 69.5 
6 3.91 828 838 1.27 .205 76.7 
9 4. 10 868 878 1.35 .218 83.9 

10 4.27 904 9.4 1.40 .226 91.1 
II 4.42 936 951 1.46 .235 98.3 
12 4.54 961 976 1.51 .243 105.5 
13 4.64 982 997 1.55 .250 112.7 
14 4.79 1014 1029 1.56 .255 117.5 
15 5.16 1092 1107 1.70 .274 122.3 
16 5.99 1183 1203 1.84 .296 129.5 
17 6.18 1308 1326 2.03 .327 136.7 
16 6.55 1387 1407 2.21 .356 141.5 
19 6.72 1423 1443 2.32 .374 143.9 
20 6.86 1492 

1499 
1472 2.60 .419 146.3 

•21 6.89 1479 2.i7 .430 147.3 

• Point «t which tank burst 

• Chart Sp**d on L 4 N R«cord«r was 2.5 Inchas/aln. 


